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Introduction
Neuronal apoptosis is necessary for vertebrate development and establishment of proper neural circuitry. However, abnormal apoptosis is the basis for many neuropathologies, highlighting the need to define the mechanisms by which it is regulated in order to develop new therapies. The balance between neuronal survival and degeneration in the peripheral nervous system is mostly governed by the availability of neurotrophic factors, including the neurotrophins. The neurotrophins mediate survival and differentiation through binding to the Trk family of tyrosine kinase receptors (Deinhardt and Chao, 2014) . All neurotrophins can also bind to the p75 neurotrophin receptor (p75NTR), a member of the TNF receptor superfamily, which may elicit distinct effects, including the induction of apoptosis and kinesins. This association disrupted mitochondrial transport, which led to axon degeneration (Kim et al., 2010) .
Here we reveal a role for HDAC1 in retrograde degenerative signaling through regulating the formation of the dynactin-dynein complex. We further identify the ICD of p75NTR as a retrograde pro-apoptotic signal triggered by p75NTR activation due to ligand binding or trophic factor deprivation in sympathetic neurons.
Results:
Retrograde apoptotic signaling requires localized cleavage of p75NTR
To investigate the mechanisms of retrograde degenerative signaling, sympathetic neurons from rat superior cervical ganglia were cultured in microfluidics chambers, which allow separation of the cell bodies from the distal axons (Fig 1A) , thus mimicking the different environmental milieu for distal axons and cell bodies in vivo. Since NGF binds to a complex of p75NTR and TrkA (Hempstead et al., 1991) , which would complicate the analysis of activating p75NTR alone, NGF was removed and neurons were kept alive in KCl. To selectively stimulate p75NTR, brain-derived neurotrophic factor (BDNF) was used, since it has been implicated as an endogenous pro-apoptotic ligand for p75NTR in this system (Deppmann et al., 2008 ). BDNF or NGF was then added to the distal axons or cell bodies, as indicated. There was a significant increase in cell death in response to BDNF treatment of axons (Fig 1B) , even if the cell bodies received limited trophic support from 2 ng/ml NGF. These results support the hypothesis that p75NTR activation in axons can trigger a retrograde degenerative signal.
Proteolytic cleavage of p75NTR by α-and γ-secretase releases its intracellular domain (ICD) (Fig 2A) as well as a number of associated signaling components, which traffic to the nucleus to mediate apoptosis (Kraemer et al., 2014) . Since activation of p75NTR on the distal axons induced cell death back in the soma, we hypothesized that the receptor was locally cleaved in the axons and this proteolysis was required to generate the retrograde apoptotic signal. To test this hypothesis, we added BDNF to the distal axons along with the γ-secretase inhibitor DAPT and compared the subsequent cell death to that induced in the presence of DAPT exclusively on the cell somas. When present in the distal axons, DAPT completely abrogated apoptosis. However, when the γ-secretase inhibitor was applied only to the cell somas and BDNF to the distal axons, there was no protective effect (Fig 2B) . These data suggest that activation of p75NTR induces local receptor proteolysis, which is necessary for retrograde apoptotic signaling ( Fig 2B and Fig S1A&B) .
To directly assess axonal p75NTR cleavage in response to a pro-apoptotic ligand, we electroporated a dual-tagged p75NTR reporter construct into the neurons, which has mCherry on the N-terminus and GFP on the C-terminus. The expression of the construct was detected throughout the neuron, including in the axons (Fig S1C) . This mCherry-p75NTR-GFP reporter was previously utilized to investigate the localization of the cleaved receptor products in astrocytes and can differentiate between uncleaved, full length p75NTR (yellow), cleaved p75NTR ICD (green) and extracellular domain (ECD) (red) (Schachtrup et al., 2015) . After electroporation, the neurons were allowed to recover in NGF, then switched to KCl with or without BDNF for 2 hrs and the number of mCherry, GFP or overlapping puncta in the axons was quantified. The mCherry signal was found to be very weak, making quantification difficult; therefore, to avoid underestimating the amount of ECD, we preincubated live neurons with an antibody to the ECD that does not interfere with ligand binding. This antibody was tagged with ATTO-550 to enhance the mCherry signal of ECD (from here on referred to as mCherry). Puncta positive for both GFP and mCherry (yellow, Fig 2C) were considered to be full length receptor, although we cannot rule out the possibility that p75NTR was cleaved and both the ICD and ECD remained localized too close to be resolved. Puncta that were only GFP+ or mCherry+ were considered as independent ICD and ECD, respectively. BDNF significantly increased the number of GFP+ only (ICD) puncta, suggesting p75NTR cleavage within the axons (Fig 2D) . The majority of puncta were labeled with both mCherry and GFP and BDNF treatment did not induce a significant change in the amount of full length receptor, suggesting only a small fraction of p75NTR undergoes cleavage after BDNF treatment (Fig 2E) . Similar results were reported using western blot to detect p75NTR cleavage, only a fraction of the receptor is cleaved and the majority remains full length (Jung et al., 2003; Kanning et al., 2003; Kenchappa et al., 2006) . We also detected a very small percentage of mCherry+ only puncta, reflecting the ECD, which was not altered by BDNF (data not shown). We interpret the low number of ECD fragments as a majority being lost due to most of the ECD having been released by γ-secretase at the plasma membrane.
Since trophic factor deprivation also initiates a retrograde degenerative signal (Ghosh et al., 2011; Mok et al., 2009; Simon et al., 2016) , we investigated the possibility that NGF withdrawal could stimulate local p75NTR proteolysis. NGF was withdrawn and the axons were live imaged after 14 hours, which we reasoned would be long enough to induce p75NTR cleavage, but prior to the neurons committing to apoptosis (Deckwerth and Johnson, 1993) . There was a significant decrease in full length receptor after NGF withdrawal and a corresponding increase in the fraction of GFP+ only puncta (Fig 2F&G) , indicating that TFD can induce the cleavage of p75NTR in axons.
Although treatment of the axons with DAPT blocked neuronal death (Fig. 2B) , DAPT inhibits the cleavage of all γ-secretase substrates. Therefore, we investigated whether cleavage of p75NTR specifically was necessary for the apoptotic signal. We generated a Val243Asn (V243N) mutation in the extracellular, juxtamembrane region of the mCherryp75NTR-GFP construct, which introduces a glycosylation site that prevents the receptor from undergoing proteolysis and blocks p75NTR-mediated apoptosis (Underwood et al., 2008) . We confirmed that the V243N mutant did not undergo proteolysis (Fig S1D&E) . Importantly, when this construct was expressed in the neurons, it prevented cell death induced by BDNF or by NGF withdrawal (Fig 2H&I) . Since both α-and γ-secretase cleavage were inhibited by the expression of the V243N construct, these results do not distinguish between the ICD, produced by γ-secretase, and the carboxy-terminal fragment produced by α-secretase as the essential death signal. However, these findings indicate that cleavage specifically of p75NTR is required for apoptotic signaling generated by BDNF binding to p75NTR or by NGF withdrawal.
The cleavage of p75NTR in axons raised the question as to how the ICD would be transported back to the soma. It was recently reported that p75NTR is present in CD63+ multi vesicular bodies (MVBs) in sympathetic neuron cell bodies after BDNF treatment (Escudero et al., 2014) and MVBs have been implicated in retrograde NGF-TrkA signaling (Ye et al., 2018) . Therefore, we hypothesized that p75NTR ICD may also be transported in MVBs. In neurons electroporated with the mCherry-p75NTR-GFP reporter, we found a significant increase in the colocalization of GFP signal with CD63+ immunostaining in the axons following BDNF stimulation or NGF deprivation (Fig 2J-L) . These results suggest MVBs transport the p75NTR apoptotic signal from axons to the neuronal soma.
Axonal HDAC1 is required for retrograde degenerative signaling
Recent studies have revealed a role for several HDACs in regulating axonal transport (Cho and Cavalli, 2014) . Therefore, we hypothesized that HDACs may also be involved in retrograde degenerative signaling. Addition of the general class I HDAC inhibitor sodium butyrate selectively to distal axons along with BDNF blocked neuronal death (Fig S2A) . Since sodium butyrate is rather nonselective, we tested the effects of MS275, which preferentially inhibits HDAC1 (Bertrand, 2010; Hu et al., 2003) . Treatment of the axons with MS275 completely prevented p75NTR-mediated retrograde apoptotic signaling ( Fig  3A) . Importantly, addition of MS275 to the cell bodies had no effect on the apoptosis induced by BDNF in the distal axons, indicating that nuclear HDAC1 activity is not required for apoptosis. To confirm the specificity for HDAC1, we knocked down the deacetylase with a shRNA expressing lentivirus (Fig 3B) that selectively silences HDAC1 without affecting the other HDACs (Kim et al., 2010) . After confirming the knockdown (Fig 3B) , we found that the apoptosis induced by axonal BDNF was completely prevented (Fig 3C) , further supporting an essential role for HDAC1 in this retrograde degenerative signaling.
Since HDAC6 is a well-established regulator of axonal transport through deacetylation of tubulin (d'Ydewalle et al., 2011) , we also evaluated the effects of Tubastatin A, an HDAC6 selective inhibitor. Addition of Tubastatin A to the distal axons did not affect BDNF-induced apoptosis, indicating that HDAC6 activity is not required (Fig 3D) .
Class I HDACs, including HDAC1, primarily localize to the nucleus (Cho and Cavalli, 2014; Haberland et al., 2009 ); however, it was recently reported that HDAC1 can translocate into axons following injury (Kim et al., 2010) . Since the sympathetic neurons used here were not subject to any insult prior to p75NTR activation, our results suggested that HDAC1 is constitutively present in these axons. By immunostaining, we analyzed HDAC1 expression in the presence of NGF, which promotes robust survival of these neurons, and found HDAC1 expression in the axons as well as the nucleus (Fig 3B) . The specificity of the staining was confirmed by HDAC1 knockdown. We also isolated pure axons from the neurons, fractionated the cell bodies into cytosolic and nuclear fractions, and then the 3 compartments were immunoblotted for HDAC1. A single band of 66 kD for HDAC1 was detected in the axons whereas a doublet was present in the cytosolic and nuclear fractions (Fig 3E) . This doublet is consistent with the phosphorylation of HDAC1 that was recently reported to maintain its localization in the nucleus (Zhu et al., 2017) . Finally, to confirm that HDAC1 is present in sympathetic axons in vivo and not just in cultured neurons, we isolated the descending nerve proximal to the superior cervical ganglia from P4-5 rats and immunostained for the deacetylase. HDAC1 was detectable in axon fibers of the nerve (as well as in glial nuclei), indicating that it is constitutively expressed in peripheral axons (Fig.  3F ). The specificity of the signal in the nerve fibers was confirmed by staining brain tissue, where only nuclei were detected (Fig S2B) .
HDAC1 is required for retrograde axonal transport of the p75NTR intracellular domain
As a first step in retrograde trafficking, p75NTR is internalized through a mechanism requiring the GTPase dynamin (Deinhardt et al., 2007; Hibbert et al., 2006) , which can be blocked by the inhibitor Dynasore (Kirchhausen et al., 2008; Macia et al., 2006; Escudero et al, 2014) . We also observed p75NTR internalization following BDNF treatment ( Fig  4A&B) , which was necessary for retrograde apoptotic signaling, since addition of Dynasore along with BDNF in the distal axons prevented neuronal cell death (Fig 4C) . However, there was no significant effect of MS275 on receptor internalization (Fig 4A&B) , indicating that HDAC1 activity is not required for p75NTR endocytosis.
Since inhibition of HDAC1 did not affect p75NTR internalization, we hypothesized that the deacetylase was required for retrograde trafficking of the receptor. To investigate p75NTR axonal transport we used the mCherry-p75-GFP reporter, which allowed us to track both the full length receptor and the liberated ICD. The neurons were treated with BDNF in the presence or absence of MS275 for 2 hrs and live imaged to assess the movement of the cleaved ICD and the full length p75NTR (Fig 5A&B) . The ATTO-550 labeled antibody to the ECD of p75NTR was included to enhance detection of the ECD fragment. Following BDNF treatment, there was a significant increase in the number of ICD-only, GFP+ particles moving retrogradely; however, this increase was completely blocked by addition of MS275, indicating that HDAC1 activity is required for the BDNF-induced retrograde movement ( Fig  5C) . BDNF also increased the instantaneous velocity of the GFP+ puncta moving in a retrograde direction; however this was not notably affected by inhibition of HDAC1 ( Fig  S3) .
Interestingly, the percentage of full length p75NTR, or co-localized ECD and ICD, particles moving retrogradely also increased after BDNF treatment and MS275 prevented this increase (Fig 5D) . There was also an increase in the instantaneous velocity of full length p75NTR moving in the retrograde direction after BDNF treatment, but MS275 had little effect. Although we cannot rule out the possibility that full length particles containing both the ECD and the ICD contribute to the subsequent cell death, the fact that inhibiting receptor cleavage in the distal axons prevented apoptosis (Fig 2B) suggests that it is the retrograde transport of the liberated ICD that is the determining factor for the fate of the neuron.
Based on the requirement for p75NTR in the apoptosis of sympathetic neurons following NGF withdrawal (Majdan et al., 2001; Nikoletopoulou et al., 2010) and the induction of p75NTR cleavage by TFD (Fig 2F&G) , we hypothesized that loss of NGF signaling would also induce retrograde trafficking of the p75NTR ICD and this transport would also require HDAC1 activity. We found a significant increase in the number of p75NTR ICD, GFP+ particles moving in the retrograde direction following NGF withdrawal and this retrograde transport was blocked by HDAC1 inhibition (Fig 5E) . Retrograde transport of full length p75NTR, or closely localized ICD and ECD, was also increased following NGF removal and this was also blocked by MS275 (Fig 5F) . Similar to p75NTR activation by BDNF binding, the instantaneous velocity of the retrogradely moving p75 was increased after NGF withdrawal, but there was no marked effect of MS275. Taken together, the live imaging data indicate that HDAC1 activity is required for retrograde transport of the p75NTR ICD, which mediates a degeneration signal.
HDAC1 deacetylates the p150 Glued subunit of dynactin
To determine the relevant substrates of HDAC1 in the axons, neurons were grown on transwell inserts in the presence of NGF and MS275 to maximize the acetylation of HDAC1 substrates, and axons were collected. Trypsin digested axonal proteins were immunoprecipitated with anti-acetyl lysine and analyzed by mass spectrometry. A total of 100 axonal proteins potentially harboring lysine-acetylation were identified; among these, one candidate that caught our attention was dynactin1/p150 Glued . The p150 Glued subunit is the major polypeptide of the dynactin complex and is necessary for the processivity of the dynein motor (King and Schroer, 2000; McKenney et al., 2014) . We validated the lysineacetylation site on p150 Glued by manual inspection of the spectra (Fig 6A) . Interestingly, this acetylated lysine (K230) of p150 Glued lies in coiled coil region 1 (CC1), the domain responsible for binding the dynein intermediate chain (DIC) (King et al., 2003; Karki and Holzbaur, 1995) . This region is highly conserved across species from flies through humans, emphasizing its importance ( Fig 6B) . As shown in figure 6 (C&D), inhibition of HDAC1 in HEK293 cells increased the acetylation of p150 Glued while over expression of HDAC1 decreased the level of acetylation. These results support the hypothesis that HDAC1 promotes deacetylation of p150 Glued .
Since HDAC1 activity was required for the retrograde degeneration signal activated by p75NTR (Fig 3) , we hypothesized that BDNF would promote HDAC1-dependent deacetylation of p150 Glued in sympathetic neurons. We found a significant decrease in the level of acetylated p150 Glued following BDNF treatment and the reduction could be completely prevented by MS275 (Fig 6E) , suggesting that p75NTR activation results in p150 Glued deacetylation by HDAC1. We also evaluated acetylated tubulin, since HDAC5 and 6 can deacetylate microtubules to regulate axonal transport (Cho and Cavalli, 2014) ; however, there was no change in the expression or acetylation levels of tubulin following BDNF treatment, indicating that activation of p75NTR does not affect these other HDACs.
Deacetylation of p150 Glued enhances its interaction with dynein
Retrograde signaling typically depends on active transport of the signaling components by the dynein-dynactin complex. To determine if the retrograde degenerative signal induced by p75NTR activation was dependent on dynein, we tested the inhibitor ciliobrevin A, which blocks the ATPase activity of dynein without affecting kinesins (Firestone et al., 2012) . When distal axons were treated with ciliobrevin A, there was a significant reduction in BDNF induced apoptosis (Fig 7A) , indicating that the retrograde signal generated by p75NTR was dynein dependent.
Since the lysine (K230) on p150 Glued that we found acetylated in the presence of MS275 lies in the CC1 domain, which interacts with the DIC, we hypothesized that deacetylation of p150 Glued by HDAC1 affects its interaction with dynein. In HEK293 cells treated with MS275, there was a significant decrease in the association of p150 Glued with DIC relative to untreated cells, suggesting that the acetylation reduces their interaction (Fig 7B) . Similarly we treated the neurons with BDNF, to stimulate deacetylation of p150 Glued , or NGF + MS275, to maximize the acetylation. In the presence of BDNF there was a significant increase in the coimmunoprecipitation of p150 Glued and DIC compared to NGF + MS275, supporting a role for p75NTR in regulating this interaction (Fig 7C) .
To specifically address the influence of K230 acetylation on p150 Glued binding to dynein, we mutated K230 either to arginine (R), which cannot be acetylated, or glutamine (Q), which can mimic an acetylated lysine (Fujimoto et al., 2012) . Wild type p150 Glued or the mutants were transfected into HEK293 cells and their ability to pull down with DIC was quantified (Fig 7D) . The p150 Glued -dynein interaction was not significantly altered by the K230Q mutation, which we suggest indicated that glutamine does not adequately mimic acetyllysine in this system, as reported earlier for the protein Ku (Fujimoto et al., 2012) . However, the K230R mutant associated with dynein significantly better than the wild type p150 Glued , supporting the notion that deacetylation of K230 increases the formation of the p150 Glueddynein complex, which is required for retrograde apoptotic signaling.
Discussion
In this study, we identify an HDAC1-dependent signal downstream of the p75NTR as critical for the regulation of retrograde, pro-apoptotic signals generated in response to p75NTR activation by ligand binding or TFD in distal axons (Fig 7E) . The involvement of p75NTR in retrograde pro-apoptotic signaling following TFD helps to explain previous findings that sensory and sympathetic neurons in trkA−/− mice could be rescued by simultaneous deletion of p75ntr (Majdan et al., 2001; Nikoletopoulou et al., 2010) . The loss of TrkA mimics TFD during development; therefore, based on our results, elimination of p75NTR would reduce proapoptotic signaling. Notably, neurons engineered to express TrkA underwent apoptosis in the absence of NGF. The cell death correlated with p75NTR cleavage and could be prevented by a γ-secretase inhibitor, suggesting that p75NTR cleavage contributed to the apoptosis (Nikoletopoulou et al., 2010) . The mechanism by which loss of TrkA signaling induces p75NTR cleavage and retrograde signaling is not known. However, withdrawal of NGF activates c-Jun N-terminal kinase (JNK) (Xia et al., 1995) , which can stimulate the cleavage of p75NTR, in part, through up regulation and activation of α-secretase (Kenchappa et al., 2010) . It is possible that local activation of JNK causes release of the p75NTR ICD, which then forms a retrograde signaling complex. Direct activation of p75NTR by ligand binding has also been shown to induce retrograde degenerative signaling. For example, pro-neurotrophin-3 applied exclusively to distal axons of sympathetic neurons induced apoptosis via p75NTR (Yano et al., 2009 ) and in vivo activation of p75NTR was suggested to contribute to the normal developmental pruning of motor neurons (Taylor et al., 2012) . The nature of the retrograde apoptotic signal was not investigated in those studies; however, our results indicate that activation of p75NTR exclusively in axons induces retrograde transport of the p75NTR ICD, which promotes neuronal apoptosis. Indeed, expression of p75NTR ICD alone in sympathetic neurons (including both cell bodies and axons), leads to their death (Kenchappa et al., 2006) and mice engineered to ectopically express the p75NTR ICD in neurons exhibited extensive, global neuron loss (Majdan et al., 1997) .
Although apoptosis induced by NGF withdrawal or direct activation of p75NTR both involve cleavage of p75NTR and retrograde transport of the ICD, there are distinct differences between the mechanisms by which apoptosis is ultimately induced. For example, both p75NTR activation by ligand binding and TFD stimulate phosphorylation of c-Jun by JNK; however, c-Jun is only necessary for apoptosis induced by TFD (Palmada et al., 2002) . Certainly, multiple signals are generated by these two processes that influence the fate of the cell; nevertheless, both include a pro-apoptotic signal involving JNK and the proteolytic cleavage of p75NTR.
The proteolysis of p75NTR by γ-secretase was reported to occur in endosomes following internalization in PC12 cells (Urra et al., 2007) . Therefore, we expect that the p75NTR ICD is generated on endosomes within the axon, although this remains to be determined. In contrast, cleavage of many substrates by α-secretase occurs at the plasma membrane (Murphy, 2008) , thus the shedding of p75NTR's ECD by α-secretase may occur at the axon surface, which would explain why we detected so little free ECD in the axons. Interestingly, p75NTR has been detected in multi vesicular bodies (MVBs) following endocytosis (Butowt and Bartheld, 2009; Escudero et al., 2014) . In neurons of the avian isthmo-optic nucleus, which innervate the retina, p75NTR activation by NGF on axon ends in the eye resulted in apoptosis (von Bartheld et al., 1994) . This retrograde p75NTR-mediated cell death correlated with accumulation of NGF in the neuronal soma in MVBs (Butowt and Bartheld, 2009) , suggesting that retrograde transport of p75NTR (and possibly separated ECD and ICD) occurs in MVBs. The increase in colocalization of p75NTR ICD and CD63 we observed in axons following BDNF treatment or TFD suggests that the retrograde degenerative signal is transported in MVBs, although we cannot rule out the involvement of other vesicles.
How the freed ICD would remain associated with a vesicle is not clear, since this fragment would be released following receptor cleavage. However, it is notable that there is a palmitoylation site in the juxtamembrane region of the ICD that is required for cell death signaling (Underwood et al., 2008) . The addition of this lipid may allow the ICD to associate with a vesicle for transport. An analogous mechanism was recently reported for Dual leucine-zipper kinase (DLK): Following axonal injury of sensory neurons, DLK was palmitoylated, which facilitated its recruitment to vesicles for retrograde transport (Holland et al., 2016) .
Our findings also reveal that axonal HDAC1 is required for pro-apoptotic retrograde signaling. Although HDAC1 has been considered exclusively nuclear, it was recently reported that this deacetylase can translocate out of the nucleus into the axons of hippocampal and cortical neurons following exposure to toxic insults, such as TNF and glutamate (Kim et al., 2010) . In these axons, HDAC1 promoted degeneration by disrupting mitochondrial transport through binding to the kinesins KIF2a and KIF5. In contrast, we found HDAC1 is constitutively present in sympathetic axons, even under strong pro-survival signaling. The constitutive presence of HDAC1 in sympathetic axons may reflect a general difference between peripheral and central axons; however, there must be some mechanism in the peripheral axons to prevent the deacetylase from disrupting mitochondrial transport. In the central nervous system, HDAC1 may promote degeneration by two mechanisms: disrupting mitochondrial transport and enhancing retrograde degenerative signaling. Since most cargo bind both kinesins and dynein (Maday et al., 2014) , sequestering the anterograde motors KIF2a and KIF5 may result in a predominance of dynein associated with some cargo, leading to primarily retrograde transport, although this remains to be investigated.
In an effort to understand the role of HDAC1 in regulating p75ICD transport, we identified the dynactin subunit p150 Glued as a potential substrate. P150 Glued is the largest subunit of the 1 MDa dynactin complex, which is essential for virtually all aspects of dynein function (Carter et al., 2016; King and Schroer, 2000; Schroer, 2004; Urnavicius et al., 2015) . In its N-terminus, p150 Glued contains a cytoskeleton-associated protein Gly-rich (CAP-Gly) domain, which binds microtubules, followed by two coiled-coil domains, the first of which (CC1) binds directly to the DIC. Our results indicate that p150 Glued can be acetylated at K230, in the CC1 region, and deacetylation of K230 increased its association with DIC.
The deacetylation of p150 Glued was enhanced following BDNF treatment and this could be prevented by inhibition of HDAC1. The mechanism by which p75NTR induces HDAC1-dependent deacetylation of p150 Glued is not known; however, an association between HDAC1 and the p75NTR interacting protein SC1 has previously been reported (Chittka et al., 2004) . SC1 is a transcription factor that associates with the ICD of p75NTR and translocate to the nucleus upon neurotrophin binding to p75NTR (Chittka et al., 2004) . Therefore, activation of the receptor may lead to recruitment of HDAC1 through association with SC1.
It is interesting to consider the clinical implications of these results. Notably, the ICD of p75NTR was previously identified in association with dynein in the axons of mice harboring the G93A mutation in superoxide dismutase 1 (SOD1) that is associated with a form of amyotrophic lateral sclerosis, but not wild type mice (Perlson et al., 2009 (Perlson et al., , 2010 . Inhibition of this retrograde signaling rescued cultured motor neurons expressing the mutant SOD1. Hence, axonal transport of both pro-survival and pro-apoptotic signals needs to be considered in designing therapeutic strategies for neurodegenerative conditions.
Star methods CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Bruce D Carter (bruce.carter@vanderbilt.edu). Requests will be handled according to Vanderbilt University and/ or NIH policy regarding MTA and related matters.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Rats and mice-All animal experiments were approved by the Institutional Animal Care and Use Committee at Vanderbilt University. Wild type, untimed pregnant Sprague Dawley (SD) and CD1 rats and mice were purchased mice from Charles River Laboratory. Pregnant rats and mice were housed in 12-hour day and night cycle environment with ad libitum availability of chow diet and water. Both male and female postnatal day 2-3 old rats and mice were used in all the experiments, other than HDAC1 immunostaining in the nerve where postnatal day 4-5 old rat was used.
Cell culture-Primary sympathetic neurons from superior cervical ganglia were cultured in UltraCULTURE medium (Lonza) supplemented with 3% fetal bovine serum (Invitrogen), 20 ng/ml nerve growth factor (Harlan), 2 mM L-glutamine (Invitrogen), 100 units/ml penicillin (Invitrogen), and 100 ug/ml streptomycin (Invitrogen) or as indicated.
HEK293 cells were cultured in high glucose DMEM with 10% fetal bovine serum, 100U/ml penicillin and 100 μ/ml streptomycin.
Method Details
Cell culture and Treatments-Sympathetic neurons were isolated from superior cervical ganglia, which were dissected from male and female postnatal day 2-3 rats or mice (murine neurons were used for the HDAC1 knockdown experiment) and dissociated with 0.08% trypsin (Worthington) and 0.3% collagenase (Sigma). Dissociated cells were then plated on poly-d-lysine (MP Biomedicals) and laminin (Invitrogen) coated surface.
For mass cultures, neurons were cultured in UltraCULTURE medium (Lonza) supplemented with 3% fetal bovine serum (Invitrogen), 20 ng/ml nerve growth factor (Harlan), 2 mM Lglutamine (Invitrogen), 100 units/ml penicillin (Invitrogen), and 100 ug/ml streptomycin (Invitrogen) or as indicated. 24 hours after plating, the neurons were treated with 10 uM cytosine arabinofuranoside (AraC) (Sigma) for 24 hrs to inhibit the proliferation of nonneuronal cells. Following 2 days of exposure, AraC was removed and after 12-24 hrs, the neurons were treated at the indicated concentrations with the reagents as described in respective figure legends. For all experiments involving NGF removal and treatment with BDNF or KCl, the neurons were rinsed at least 3 times with media lacking NGF, containing 12.5 mM KCl and 100 ng/ml of anti-NGF with at least 10 min incubation each in between the rinses prior to addition of the indicated reagents. For NGF withdrawal condition, KCl was not included in the media used for washing or treatments.
For neuron cultures in microfluidic devices (from Xona Microfluidics or generated in-house by Deyu Li laboratory, Vanderbilt University School of Engineering), the chambers were sterilized in plasma cleaner (PDC-32G from Harrick Plasma) and assembled on coverslips, then coated with poly D lysine and laminin. Dissociated neurons were plated on one side (proximal) of the devices in ultraCULTURE media with 20 ng/ml NGF and axons were allowed to grow and cross into the other side (distal). To direct the growth of axons more towards the distal side, media with 50 ng/ml NGF was added in the distal compartment for initial two days. We confirmed that there was no diffusion of soluble material between the chambers using a fluorescent dye (Cy3). After the axons reached the distal side, the neurons were kept alive by maintaining the cell bodies in media containing 20 ng/ml or 12.5 mM KCl and distal axons were treated for 48 hours as indicated in figure legends. For infection with HDAC1 shRNA lenti virus, mouse neurons were cultured in microfluidic devices in NGF for 2 days and then incubated with lentivirus expressing HDAC1 shRNA (3.7 × 10 7 transduction units/ml), GFP control (7.55 × 10 7 transduction units/ml). After 48 hours of infection, the axons and cell bodies were treated with 200 ng/ml BDNF, 12.5 mM KCl or 20 ng/ml NGF as indicated in figure legends. After the treatments, neurons were fixed in 4% PFA for immunostaining and counting apoptotic nuclei.
The mCherry-p75NTR-GFP construct was kindly provided by Katerina Akassoglou (Gladstone Institute of Neurological Disease, UCSF). The mCherry-p75NTR-GFP reporter construct was expressed in primary sympathetic neurons by electroporation immediately after dissociation of sympathetic neurons using rat neuron nucleofactor kit (Amaxa Cat# VPG-1003) on nucleofactor II device from Amaxa according to manufacturer's instructions. More than 1 million neurons isolated from approximately 20 ganglia were pelleted at 200g for 4 minutes and resuspended in 100 ul of rat neuron nucleofection solution prepared according to manufacturer's instruction. The cell suspension was immediately transferred to Amaxa transfection cuvette containing 20ug of plasmid in small volume of (10-15ul) and zapped on program settings G-013 (designated on the instrument for "rat" neuron DRG). Atleast 1 ml of Ultraculture media with 50 ng/ml NGF was immediately added to the electroporated neurons and the contents were transferred to a 15 ml tube and incubated at 37C in a water bath incubator for at least 20 minutes to promote recovery prior to plating the neurons.
HEK293 cells were cultured in high glucose DMEM with 10% fetal bovine serum and penicillin/streptomycin (100 U/ml, 100 μg/ml, respectively) and transfected using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
For analysis of p75NTR receptor cleavage, mCherry-p75NTR-GFP wildtype (mChp75WTGFP), V243D mutant (mCh-p75VD-GFP) and V243N mutant (mCh-p75-GFP) constructs were transfected in HEK293 cells. Cells were then pretreated with 10uM ZLLLH for 1 hour (all). For TAPI treatment, cells were pretreated with 10uM TAPI for one hour concurrently with ZLLLH and for PMA treatment, cells were treated with 1uM PMA for 1 hour. After respective treatments, cells were harvested and lysates were prepared for Western blotting.
Isolation of axons in culture-To get pure axon fractions without contamination of cell bodies, dissociated neurons were plated on the transwell cell culture inserts with 8 um pore size. Cultured neurons were maintained in 20 ng/ml NGF for 3-4 days. Following the indicated treatment, the axons and cell bodies were separately harvested by scraping the membrane with a cell scrapper. Membrane facing the well contains the axons and the opposite side has cell bodies (Zheng et al., 2001) .
Site directed mutagenesis of DNA constructs-To generate non cleavable mCherryp75NTR-GFP construct, nucleotide changes encoding V243D mutation were introduced into wildtype mCherry-p75NTR-GFP construct (Schachtrup C et al, 2015) by site-directed mutagenesis using PfuUltra High-Fidelity DNA polymerase (Agilent Technologies). This V243D mutation was further changed to D243N by site directed mutagenesis PCR, to finally generate the cleavage resistant mCherry-p75NTR-GFP construct with V243N mutation.
To generate the constitutively acetylated mimic construct of p150 Glued (K230Q) and nonacetylable p150 Glued (K230R), lysine (K) residue of wildtype p150 Glued construct at position 230 was changed to glutamine (Q) and arginine (R) respectively by site directed mutagenesis of myc-tagged p150 Glued (Chevalier-Larsen ES et al, 2008) . The accuracy of nucleotides in all the wild type constructs and the changes introduced in the mutant constructs were confirmed by sequencing the wildtype and mutant constructs.
Immunostaining-Primary sympathetic neurons in culture were infected with lentivirus expressing HDAC1 shRNA and/or GFP (control) for more than 48 hrs, then fixed with 4% PFA, permeabilized with 0.1% Triton X-100 containing 0.1% sodium citrate, blocked with 5% BSA or 10% goat serum in PBS, and incubated with antibodies for HDAC1 (1:100) and TUJ1 (1:1000) in PBS containing 0.05% Triton X-100, followed by incubation with fluorescently tagged secondary antibody. Nuclei were visualized by DAPI, and images were acquired with a confocal laser imaging system (LSM 710; Carl Zeiss MicroImaging, Inc.).
Superior cervical ganglia and brain were collected from post-natal day 4-5 rat pups after cardiac perfusion with 4% PFA and embedded in paraffin wax for tissue sectioning. Antigen retrieval of sections was done in citrate buffer (10 mM, pH 6.0). Sections were blocked with 5% BSA and incubated with antibodies for HDAC1 (1:100, Santa cruz biotechnology) and TUJ1 (1:1000, Covance) in PBS containing 0.05% Triton X-100, followed by incubation with fluorescently tagged secondary antibody. Nuclei were visualized by DAPI, and images were acquired with a confocal laser imaging system (LSM 880; Carl Zeiss MicroImaging, Inc.).
For CD63 immunostaining, wildtype mCherry-p75NTR-GFP electroporated neurons were fixed with cold 3% PFA and 4% sucrose and blocked with 5% Fish gelatin in PBS containing 0.1% TritonX 100. Then incubated with CD63 (1:100, Santa cruz biotechnology) antibody followed by incubation with fluorescently tagged secondary antibody. Nuclei were visualized by DAPI, and images were acquired with a confocal laser imaging system (LSM 880; Carl Zeiss MicroImaging, Inc.). Colocalization of P75NTR and CD63 in the axons was counted blindly and 30-40 axons were scored per condition in each experiment.
Neuronal Death analysis-Following the indicated treatments, sympathetic neurons were fixed with 4% paraformaldehyde and immuno-stained with anti-TUJ1 (1:1000, Covance) primary antibody, Alexa Fluor 488 secondary antibody (1:1000, Invitrogen) and DAPI as nuclear marker. The neurons were scored blindly as apoptotic or non-apoptotic on the basis of the appearance of the nucleus, apoptotic nuclei being condensed or fragmented and much brighter compared to healthy neurons. At least 75-100 TUJ1-positive neurons with their axons crossing to the distal chambers were counted per condition in all experiments in microfluidic devices and mass cultures.
Immuno endocytosis of P75NTR-Primary neurons were grown in NGF containing media for 3 days, NGF was then removed and replaced with DMEM containing 1 mg/ml BSA and 12.5 mM KCl for serum deprivation. After 1 hour, anti-p75ECD antibody tagged with FITC (1:50, Santa cruz biotechnology) was added for 1 hour at 4°C. Neurons were then left in KCl or treat ed with 200 ng/ml BDNF +/− 5μM MS275 for 4 hrs at 37°C, rinsed and incubated at 4°C with Chole ra toxin B (1:500, Invitrogen) for 20 min to label the cell surface. Thereafter, the neurons were fixed in 4% paraformaldehyde and processed for TUJ1 immunostaining as described above. The labelled cells were examined and imaged by using a Zeiss LSM 710 confocal microscope with a Plan apochromat 63×/1.4 oil differential interference contrast (DIC) objective. FIJI was used to quantify the cell-associated fluorescence. The total cellular fluorescence was calculated after subtracting the nonspecific fluorescence from images of untreated cells obtained with the same illumination and exposure conditions. Internalized p75NTR ECD was determined as the ratio of the internalized receptor (intracellular fluorescence) versus the cell surface-associated receptor (cell-surface-associated fluorescence) and expressed as a percentage of internalized fluorescence (intracellular p75NTR), considering 100% to be the total cell-associated fluorescence.
Live imaging of neurons and kymograph generation-Sympathetic neurons were electroporated with mCherry-p75NTR-GFP construct and plated on glass bottom dishes. The neurons were first plated in UltraCULTURE media with 50 ng/ml NGF which was changed to media with 20 ng/ml NGF next day. After 2 days in culture, NGF was removed and the neurons were incubated with a p75NTR antibody (Anti-p75NTR (extracellular)-ATTO-550, Alomone labs) for 30 min in phenol red free DMEM with HEPES, BSA (1 mg/ml) and KCl (12.5 mM) on ice. The antibody was then rinsed off and the neurons were treated with or without 200 ng/ml BDNF +/− 5 μM MS275 for 2 hrs.
High-resolution wide-field fluorescence images were acquired on a Nikon Eclipse Ti equipped with a Nikon 100× Plan Apo 1.45 numerical aperture (NA) oil objective and a Nikon DS-Qi2 CMOS camera. Multichannel time lapse images were acquired at 3 sec intervals for a total of 3 min and processed using Nikon Imaging software to generate the kymographs. The cell body is at the top of the kymograph, all sloping (moving) pathways were counted to be moving particles while the horizontal pathways were considered to be stationary. All the kymographs were blindly analyzed to quantify the overall direction of movement. Approximately 100 moving particles were analyzed from at least 8 different neurons in each condition for each experiment.
Analysis of p75NTR transport velocity in the axons-Time lapse image analysis was carried out using FIJI. X-Y coordinates of tracks, distance travelled, velocity were registered from about 40 axons in each experiment using Manual Tracking plugin (Schindelin et al., 2012) . Tracks with average velocity < 0.2 um/sec were filtered out. Instantaneous velocities were calculated as the distance a puncta travelled between two consecutive frames, divided by frame interval (3 sec). Velocity distribution is presented for 0.2 μm/sec bins.
P75NTR receptor cleavage analysis in axons-Primary sympathetic neurons from rats were grown in microfluidic devices and infected with lentivirus with GFP tag on the Cterminal of p75 (provided by Eran Perlson, Tel Aviv University). Upon p75NTR overexpression, distal axons were treated with 200 ng/ml BDNF or BDNF+ 250nM DAPT for 2 hours and cell bodies were left in 12.5 mM KCl. Distal axons in BDNF+DAPT treatment group were pretreated with 250nM DAPT alone for 1 hour before BDNF+DAPT treatment. Live neurons were stained with ATTO-550 tagged antibody against p75NTR-ECD and then fixed with 4%PFA. Thereafter, fixed neurons, were stained with GFP and imaged on LSM880 with Airyscan mode. To quantify p75NTR receptor cleavage in axons, green puncta were counted for cleaved p75NTR-ICD and yellow puncta for full length p75NTR receptor.
LC-Tandem MS/MS-Neurons were cultured in trans well cell culture inserts, as described above, to collect the axons. After 2-3 days in 20 ng/ml NGF, 5 μM MS275 was added for 24 hrs to maximize the amount of acetylated HDAC1 substrate. Axon were collected without contamination from cell bodies. Lysates were prepared in 6M urea in 100mM Tris buffer (pH 8.0) and protein concentration was determined.
To prepare tryptic peptides for enrichment, axon lysate (4.7 mg) was diluted 2-fold with trifluoroethanol (TFE). The samples were then reduced by addition of 15 μl of 0.5M TCEP for 1 hr at room temperature, and alkylated with 30 μl of 500 mM iodoacetamide for 30 min in the dark at room temperature. Samples were diluted 10-fold with 100 mM Tris HCl, pH 8.0 and digested overnight at 37°C with proteomics-grade tr ypsin (Sigma) at a ratio of 1:60 enzyme to protein. The resulting peptides were then desalted by solid-phase extraction (Seppak C18 cartridges, Waters Corporation). Digested samples were first acidified with Trifluroacetic acid (TFA), diluted 2-fold with 0.1% TFA, and loaded onto the Sep-pak SPE material. After sample loading, the cartridges were washed with 0.1% TFA, and eluted with acetonitrile containing 0.1% TFA. Eight sequential 1 ml elutions were performed, increasing from 10% up to 80% acetonitrile, and eluates were reduced to dryness via vacuum centrifugation.
Acetylated peptide were enriched essentially as described earlier with minor modifications. Protein-A conjugated agarose beads immobilized with anti-acetyl lysine antibodies (ICP0388; ImmunoChem Pharmaceuticals Inc., Burnaby, British Columbia, Canada) were added at a ratio of 30 μl beads per 2 mg soluble protein resuspended in 1 ml final of NETN buffer (50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP40) and the mixture was incubated with rotation at 4°C overnight. The beads were washed fo ur times with 1 ml of NETN buffer and three times with ETN (50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA). The bound peptides were eluted from the beads by washing three times with 100 μl of 0.1% TFA. The eluates were combined and dried in a SpeedVac.
LC-MS-MS analysis of the peptides was performed using a LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) equipped with a nanospray source and an Eksigent NanoLC and AS1 Autosampler. The peptides were loaded onto a self-packed biphasic C18/SCX MudPIT column using a Helium-pressurized cell (pressure bomb). The MudPIT column consisted of 360 μm × 150 μm i.d. fused silica, fritted with a filter-end fitting (IDEX Health & Science), and packed with 5cm of Luna SCX material (5 μm bead, Phenomenex) and 4 cm of Jupiter C18 material (5 μm bead, Phenomenex). After sample loading, the MudPIT column was connected using an M-520 microfilter union (IDEX Health & Science) to an analytical column (360 μm × 100 μm i.d.), equipped with a laser-pulled emitter tip. The analytical column was packed with 20cm Jupiter C18 material (3 μm bead, Phenomenex. Using the Eksigent NanoLC and Autosampler, MudPIT analysis was performed with an 8-step salt pulse gradient (0 mM, 50 mM, 100 mM, 150 mM, 200 mM, 300 mM, 500 mM, and 1 M ammonium acetate). Peptides were eluted from the analytical column after each salt pulse with a 105 min reverse gradient (2-40% acetonitrile, 0.1% formic) for the first 7 salt pulses, and a 2-95% acetonitrile for the last salt pulse. Gradienteluted peptides were introduced into the mass spectrometer via nanoelectrospray ionization. Data were collected using a 17-scan event, data-dependent method. Full scan (m/z 350-2000) were acquired with the Orbitrap as the mass analyzer (resolution 60,000), and the 16 most abundant ions in each MS scan were selected for fragmentation in the LTQ Velos. An isolation width of 2 m/z, an activation time of 10 ms, and 35% normalized collision energy, a maximum injection time of 100 ms and an AGC target of 1×10 4 were used to generate MS/MS spectra. Dynamic exclusion was enabled, using a repeat count of 1, repeat duration of 10 sec, and an exclusion duration of 30sec.
For identification of acetylated peptides, raw data were extracted using ScanSifter and searched with SEQUEST (Thermo Fisher Scientific) against a Rattus norvegicus subset database created from the Uniprot KB protein database (www.uniprot.org). The protein database was a concatenated forward and reversed (decoy) database. Searches were configured to use variable modification of +57.0214 on Cys (carbamidomethylation), +15.9949 on Met (oxidation), and +42.0.056 on Lys (acetylation). Search results were assembled using Scaffold 3.0 (Proteome Software), where data were filtered to a protein and peptide threshold of 2% and 0.5% FDR respectively. Acetylated peptides of interest were validated via manual interrogation of the raw tandem mass spectra.
Immunoprecipitation and western blotting:
For p75NTR western blot, whole cell lysates from mCherry-p75NTR-GFP (wildtype or mutant) overexpressing Hek 293 cells were prepared in NP-40 lysis buffer (25 mM Tris (pH 7.4), 137 mM NaCl, 2.7 mM KCl, 1% Nonidet P-40, and 10% glycerol) supplemented with a Complete Mini EDTA-free protease inhibitor mixture tablet (Roche) and a PhosStop phosphatase inhibitor mixture tablet (Roche). Cell lysates were subjected to SDS-PAGE and western blot analysis using antibody against p75NTR ICD (1:1000).
For HDAC1 immunoblotting, primary neurons were cultured in cell culture inserts and axons were lysed in NP-40 lysis buffer (25 mM Tris (pH 7.4), 137 mM NaCl, 2.7 mM KCl, 1% Nonidet P-40, and 10% glycerol) supplemented with a Complete Mini EDTA-free protease inhibitor mixture tablet (Roche) and a PhosStop phosphatase inhibitor mixture tablet (Roche). Cell lysates were subjected to SDS-PAGE and Western blot analysis using antibodies against HDAC1 (1:2000, Millipore), Histone H3 (1:3000, Abcam), Tau (1:1000, Cell signaling technology).
For immunoprecipitation, neurons were grown in mass cultures as described above and treated as indicated in figure legends. After treatment, neurons were collected and suspended in Buffer A (10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and Complete Mini EDTA-free protease inhibitor mixture), then lysed in glass homogenizer. The nuclei were pelleted by centrifugation at 750×g for 5 min, then the supernatant was collected and centrifuged again to remove any remaining nuclei. The supernatant was considered the cytosolic fraction and was treated with a detergent solution to solubilize cytosolic proteins in RIPA buffer (150 mM NaCl, 50 mM Tris (pH 7.5), 1% NP-40, 0.5% deoxycholate, and Complete Mini EDTA-free protease inhibitor mixture). Transfected HEK293 cells were processed similarly to make cytosolic fractions and analyzed by immunoprecipitation and western blotting with the indicated antibodies.
The cytosolic solutions were immunoprecipitated with anti-acetyl lysine agarose beads (25 ul beads per mg of protein), anti-dynein intermediate chain antibody (1ul per 100 ug protein), anti-p150 Glued antibody (1ul per 100 ug protein) or anti-myc antibody (1:1000) as indicated in figure legends. Western blotting was done using following antibodies as indicated: anti-p150 Glued antibody (1:1000), anti-myc (1: 1000), anti-tubulin (1:1000) or anti-dynein intermediate chain antibody (1: 1000).
Quantification and Statistical Analysis
Statistical analyses-Number of experiments and sample sizes were as indicated in the figure legends. Data were collected randomly. Counts for analyzing neuronal apoptosis, p75NTR cleavage in distal axons and p75NTR co-localization with CD63 was done in a blinded manner such that the investigator was not aware of the treatment while counting. All graphs and statistical analyses were done using GraphPad Prism software. Student's t tests were performed assuming Gaussian distribution as indicated. One-way or two-way ANOVA analyses were performed when more than two groups were compared. Statistical analyses were based on at least 3 independent experiments, and described in the figure legends. All error bars represent the standard error of the mean (s.e.m).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A. Inhibition of axonal HDAC1 blocks p75NTR-mediated neuronal apoptosis. Sympathetic neurons were cultured in microfluidic chambers and cell bodies (CB) and distal axons (DAx) were treated with 12.5 mM KCl or 200 ng/ml BDNF +/− 5 μm MS275 (M) for 48 hrs, as indicated. Depicted are the means ± SEM for n=3-4; ***, p < 0.001; ****, p < 0.0001; 2-way ANOVA with a Tukey's multiple comparisons test. B. Representative images of sympathetic neurons infected with a lenti virus expressing HDAC1 knock-down shRNA and co-expressing GFP (green) or a GFP expressing control lenti virus. The neurons were immunostained for HDAC1 (red) and TUJ1 (Teal). DAPI was used to label the nuclei. Scale bar 20 μm C. Silencing HDAC1 prevents p75NTR-mediated neuronal apoptosis. Sympathetic neurons with HDAC1 knocked-down or expressing a GFP control were treated on their cell bodies (CB) and distal axons (DAx) with 12.5 mM KCl or 200 ng/ml BDNF, for 48 hours as indicated. Depicted are the means ± SEM for n=3-4; ***, p < 0.001, 2-way ANOVA with a Tukey's multiple comparisons test. D. Inhibition of HDAC6 did not affect p75NTR-induced apoptosis. Neurons were treated on their cell bodies (CB) and distal axons (DAx) with 12.5 mM KCl, 200 ng/ml BDNF or 200 ng/ml BDNF+ 5 μm Tubastatin A (TubA), as indicated. Depicted are the means ± SEM for n=3-4; ***, p < 0.001; n.s., not significant; 2-way ANOVA with a Tukey's multiple comparisons test. E. Axons and cell bodies were collected from sympathetic neurons and lysates were western blotted for HDAC1 and Histone H3 or Tau, to confirm the purity of nuclear and axonal fractions, respectively. F. HDAC1 is constitutively expressed in sympathetic axons in vivo. Nerve fibers descending proximal to the superior cervical ganglia were isolated from P4-5 rats, fixed and immunostained for HDAC1 and TUJ1. White arrows indicate the HDAC1 stained axons and yellow arrow heads indicate the same axons showing TUJ1 co-staining. A. Representative images of p75NTR immuno-endocytosis in the presence or absence of BDNF +/− MS275. Sympathetic neurons were incubated with an antibody to p75NTR ECD conjugated to FITC at 4°C then treated for 4 hrs with 12.5 mM KCl or 200 ng/ml BDNF +/− 5 μm MS275 (M) at 37°C, as indicated, then fixed and immunostained for TUJ1 (red). P75NTR is shown in green and nuclei were labeled with DAPI (blue). Cholera toxin B (Ctx B) was used to define the plasma membrane (yellow). Scale bar 10 μm. B. Quantification of p75NTR internalization following BDNF (B) treatment +/− MS275 (M). The relative amount of internalized fluorescence corresponds to the intracellular fluorescence normalized to the cell surface associated fluorescence in complete z-stacks of confocal images. Shown are the average internalized fluorescence ± SEM for n=3 (70 neurons); n.s. not significant, student's t-test with Welch correction. A. Representative images of an axon from a neuron treated with BDNF. Frames were collected from a time-lapse movie showing p75NTR ICD particles moving in the retrograde (green arrowheads) or anterograde (green arrows) direction or stationary (white arrows). Scale bar:10 μm. B. Kymograph generated from time-lapse images displaying the trajectory of p75NTR ICD. Scale bar: 1 μm. C-F. Quantification of moving and stationary p75NTR ICD and full length receptor and directionality of traffic under the indicated conditions. P75NTR ICD is displayed by green stacked bar graphs while the movement of full length p75NTR is shown by bar graphs in different shades of yellow. Data pooled from n=3; student's t-test with Welch correction revealed that for retrograde movement of the ICD: KCl vs BNDF, p<0.05; BDNF vs BDNF +MS, p<0.001; NGF vs TFD, p<0.05; TFD vs TFD+MS, p<0.05; and for the full length A. Inhibition of dynein blocks p75NTR retrograde apoptotic signaling. Sympathetic neurons were cultured in microfluidic chambers and cell bodies (CB) and distal axons (DAx) were treated with 12.5 mM KCl (K) or 200 ng/ml BDNF, as indicated. During the last 8 hrs, 25 μm ciliobrevin A together with BDNF was applied to the distal axons (B+C). The neurons were then fixed and stained for TUJ1 and DAPI to quantify pyknotic nuclei. The bars depict the means ± SEM for n=3; **, p < 0.01, 2-way ANOVA with Tukey's multiple comparisons test. B. Inhibition of HDAC1 reduces the interaction of p150 Glued with dynein. (Left) HEK293 cells were treated with MS275 or left untreated (control), then fractionated and the cytosolic lysates immunoprecipitated with anti-p150 Glued , then western blotted for dynein intermediate chain (DIC) . Also shown are the lysates blotted for p150 Glued and DIC. (Right) 
